Beef and dairy cows differ in the way in which they utilise nutrients and in accretion or mobilisation of body reserves during lactation. Thus far, little is known about the impact of lactation performance on body composition, meat quality, and the related muscle structure of cows with a defined, combined beef and dairy genetic background. In the described experiment, 50 F 2 cows, originating from mating Charolais bulls to German Holstein cows and a following intercross of F 1 individuals, were slaughtered during the second lactation, 30 days after calving. Cows were assigned to 3 groups, each containing representatives of 3 families, according to lactation performance. Standard carcass and meat quality traits were determined. Additionally, samples from longissimus muscle were investigated by histology and computer image analysis for muscle fibre profile, intramuscular fat cell size, and marbling traits. Subcutaneous fat cell size was measured to estimate the impact of lactation on body fat reserves. The results suggest no influence of the duration of the first lactation on body composition, meat quality or muscle structure. However, the amount of milk per day influenced body weight, body composition, and marbling traits. Relationships between traits were low, but showed consistently that increasing milk yield was negatively correlated with tissue accretion. Changes of muscle fibre and fat cell profile, indicating protein or fat mobilisation by lactation, could not be detected. In the presented study, lactation had only minor consequences for meat quality.
Introduction
Beef and dairy cattle represent divergent metabolic types that disseminate nutrients preferably into either meat or milk and differ in nutrient accretion (Pareek et al. 2007 , Lahann et al. 2010 . Charolais as a typical beef breed is known for the distinct nutrient accretion and low milk yield. In contrast, German Holstein is a typical dairy breed known for high milk secretion and low tissue accretion of nutrients. These two breeds were the P 0 founder breeds for the SEGFAM experiment at the Leibniz Institute for Farm Animal Biology (FBN) Dummerstorf, Germany, which is described in detail by Kühn et al. (2002) . The cows used in the presented study were part of the F 2 offspring of this experiment. This model enabled us to study effects of variability in lactation performance of cows having identical, combined beef and dairy genetic background on carcass and meat quality traits.
Lactation is a physiological state associated with significant metabolic adaptations and changes in energy balance. This adaptation has been considered as an energy-saving mechanism to facilitate the availability of energy for milk production (Xiao et al. 2004) . The capacity for milk production is the main metabolic driving force; so differences in milk production are accompanied by differences in body composition . Daniel (2004) found variable quality and differences in carcass traits in cows of different lactation performance. Khadem et al. (1995) reported that it is possible to produce carcasses and meat with desirable quality from lactating heifers, although carcass weights, dressing-out percentages, and possibly level of fatness are likely to be lower than in non-lactating heifers. In the lactating cow and during transition from the pregnant, non-lactating state to the nonpregnant, lactating state, there are increased demands of the foetus and for mammary gland development with initiation of milk synthesis. Furthermore, the decreased dry matter intake just before calving and the rapid increase in milk yield with delayed compensatory feed intake lead to a state of negative energy balance (NEB; Duffield 2000 , Gray 2008 . As a result of this, and to meet the nutritional demands of milk synthesis, cows need to mobilise body reserves, mainly fat as energy source, until nutrient intake covers the demands (Nebel & McGilliard 1993 , Hattan et al. 2001 , Grummer & Rastani 2003 . The study of Waltner et al. (1994) showed that fat cell diameter can be sensitive to alterations in lactation rate and stage, being an indicator of fat mobilisation. In high producing dairy cows, muscle degradation and protein catabolism can be involved in restoring energy balance in conjunction with lipolysis and an increase in appetite. Indicators of skeletal muscle breakdown and increased degradation of skeletal muscle protein can be detected during lactation (Chibisa et al. 2008 , Gray 2008 . Muscle fibre size and type composition could therefore also be influenced in lactating cows. Numerous studies have reported relationships among muscle fibre characteristics, lean meat content and meat quality (Lee et al. 2010) . The presented study was conducted to investigate, whether fat cell and muscle fibre size, muscle fibre type composition and consequently carcass composition and meat quality traits are influenced by lactation performance and differ between cows producing different amounts of milk.
Material and methods

Animals
A sample of 50 cows was selected from a F 2 resource population generated from the founder breeds Charolais and German Holstein (Kühn et al. 2002) . The experimental procedures were carried out according to the animal care guidelines and were approved by the relevant authorities of the State Mecklenburg-Vorpommern, Germany. Heifers were reared in a freestall barn and were inseminated at 18.1 months of age with semen from German Holstein sires. Heifers calved after 280±0.4 days of pregnancy and were milked after parturition twice daily in a milking parlour. Feeding details are described by Hammon et al. (2007 Hammon et al. ( , 2010 . Fifty F 2 heifers of 3 families were assigned to 3 groups according to their milk yield or lactation performance during the first lactation. The groups were named high lactating (HL, n=16), low lactating long (LLL, duration of first lactation at least 100 days, n=19), and low lactation short (LLS, duration of first lactation shorter than 100 days, n=15). Cows were inseminated again on average at 33.8 months of age and were slaughtered 30 days after calving during the second lactation. The age at slaughter varied between 1 127 and 1 774 days, being 1 308 days or 43.6 months in average.
Sample collection
Samples of m. longissimus dorsi (MLD) and subcutaneous fat were taken immediately after slaughter from the left side of dressed carcass, snap frozen in liquid nitrogen, and stored at −70 °C until use. Samples used for determination of meat quality were taken from the 12th rib area of MLD after chilling at 4 °C for 24 h. A 2 to 3 cm thick slice of this piece was taken for marbling evaluation. This slice was fixed in at least 1 L of 10 % neutral buffered formalin for each 100 g of muscle for at least 3 weeks.
Carcass traits
Body weight was measured after 24 h fasting immediately before slaughter. Hot carcass weight was recorded 45 min after slaughter. Cold carcass weight was measured after chilling at 4 °C for 24 h. The chilled carcass was dissected as described in detail by Pfuhl et al. (2007) . Fat weights were recorded as cold carcass fat (summarized from the different cuts i.e. intramuscular fat, intermuscular fat, and subcutaneous fat), fat in organs, and fat in internal depots. In this study, the different components of fat weights were determined individually as abdominal, omental, and perirenal fat and then summarized to internal fat. Cold carcass protein was summarized from different cuts individually measured with Near Infrared Spectroscopy (Infratec 1255 Food & Feed Analyzer, Foss Analytical A/S, Denmark). All measurements were described by Pfuhl et al. (2007) .
Meat quality traits
Meat quality data were determined for the MLD using standard procedures. The muscle weight and dimensions were recorded, pH value (pH-Star, Matthäus Company, Klausa, Germany), colour (Minolta CR 200, Minolta Ltd, Ahrensburg, Germany), water binding capacity, and Warner-Bratzler shear force at 24 h and 14 days post mortem (Emerson Electric, St. Louis, MO, USA) were measured according to Pfuhl et al. (2007) . Intramuscular fat content of MLD samples was obtained in triplicates via the Soxhlet extraction method using petroleum ether as solvent and determined gravimetrically after evaporating the extracting solvent (AOAC 2000) .
Histology and image analysis
For assessment of marbling traits, fixed MLD slices were stained with Oil Red-O and prepared for computer image analysis as described by Albrecht et al. (1996) . Stained slice provided a good contrast between fat (red), connective tissue (white), and muscle (pink). Marbling traits were measured with the Cell^F image analysis software (OSIS, Münster, Germany) as described by Albrecht et al. (2011) . For fat cell size determination (either in MLD or in subcutaneous fat), frozen samples were cryosectioned (10 or 20 µm thick, for muscle and adipose tissue, respectively) using a Leica CM3050 S (Leica, Bensheim, Germany) cryostat microtome. Sections were stained with haematoxylin & eosin (H/E; MLD) or eosin only (subcutaneous fat) according to Böck (1989) . Fat cell size was measured using the interactive measurement module of an image analysis system equipped with a Nikon Microphot SA microscope (Nikon Instruments Europe B.V., Kingston, UK), a CCD-12 high resolution colour camera (OSIS, Münster, Germany), and Cell^F image analysis software (OSIS, Münster, Germany). Fat cell size was determined as average diameter of about 300 adipocytes for each animal. For muscle fibre typing, serial sections of muscle tissue were reacted for actomyosin Ca 2+ adenosine triphosphatase stability after alkaline pre-incubation (pH 10.4) as described by Wegner et al. (2000) . This histochemical reaction allowed a clear discrimination between three fibre types, one slow-twitch fibre, type I (white fibres) and two fast-twitch fibre types, types IIA (light blue) and IIB (dark blue) as described by Wegner et al. (2000) . Muscle fibre size and types were measured with an image analysis system equipped with a Jenaval microscope (Carl Zeiss, Jena, Germany), an Altra20 CCD camera (OSIS, Münster, Germany), and a special muscle fibre measurement module (MAS, Freiburg, Germany) of the Cell^D software (OSIS, Münster, Germany). A minimum of 300 muscle fibres per animal in randomly selected muscle fibre primary bundles, usually 4 to 6 fields of one section, were measured and classified. Data of fibre size (from H/E stained section), fibre type (from ATPase stained section), and number of nuclei lying inside a muscle fibre (from H/E stained section) were combined as described by Albrecht et al. (2011) .
Statistical analysis
Statistical analysis was performed using the SAS statistical software 9.2 (SAS Institute Inc., Cary, NC, USA). Data were analysed by ANOVA using a mixed model containing a covariate age at slaughter or parturition (first or second parturition for lactation data) and fixed factors group, family, and group × family interaction. At first, all data were analysed for 3 groups of cows, according to the different duration of the first lactation (Table 1) . However none of the analysed traits (Table 2-4) showed a significant difference between both low lactation groups (LLL and LLS). To simplify the analyses, both low lactation groups were considered together as one LL group. Therefore all comparisons are provided between cows with high (HL) or low (LL) amount of milk per day. The data presented are LSMEAN±SE for fixed effect group, adjusted for the same age at parturition.
Since the F 2 heifers were generated over several years within the SEGFAM experiment, the influence of the slaughter years on all considered traits was checked. The slaughter year as fixed factor was significant for water binding capacity, particular marbling traits, and percentage of muscle fibre types and was included in the model for analysis of variance for these traits. Pearson correlation coefficients were calculated to determine the relationships between milk yield and carcass traits, meat quality, or muscle structure using the CORR procedure of SAS. Additionally, multiple linear regressions were calculated using the REG procedure of SAS. Milk per day of first and second lactation and duration of first lactation were included as independent variables to test, whether the combination of lactation data can enhance the explanation of variations in the investigated carcass and muscle traits.
Results
Milk yield
Cows in our study had a generally low milk yield (Table 1) . Nevertheless, milk yield and lactation duration varied sufficiently to generate three groups of different lactation performance, namely HL, LLL, and LLS. Each group was composed of 15 to 19 cows with representatives of 3 families. The analysis of variance revealed no influence of age at parturition and no influence of family and group × family interaction on duration of the first lactation or amount of milk per day in the second lactation. However, the amount of milk per day in the first lactation was influenced by age at parturition (P<0.01). Therefore, age at parturition was introduced as covariate in the model. The duration of the first lactation period (Table 1 ) differed among the three groups (P<0.01) being HL>LLL>LLS. The amount of milk per day (Table 1) , however, was similar in both low lactating groups and higher in HL (P<0.01) in both lactation periods.
Carcass characteristics
Analysis of variance revealed no difference between LLL and LLS group of cows for none of the investigated traits. Therefore these groups were considered together as LL group to investigate the influence of amount of milk per day on carcass traits. The cows were not at the same age at slaughter, because they were slaughtered 30 days after second parturition. To account for these age differences, age at slaughter was introduced as a covariate in the analysis of variance for all traits.
Cows of the LL group were heavier (P<0.05) and achieved higher carcass yields (P<0.01) than HL cows (Table 2) . They tended to store more internal fat (P=0.06). The perirenal fat depot was heavier in LL cows (P=0.02), also relative to body weight (data not shown). However, the omental fat weight was not different between groups. Carcasses of LL cows contained also more protein (P<0.01) and tended to contain more fat (P=0.08) than carcasses of HL cows. These differences disappeared when cold carcass protein and cold carcass fat were considered relative to cold carcass weight (P>0.5). The data presented are LSMEAN±SE for fixed effect group, adjusted for the same age at slaughter.
Meat quality
Meat quality traits (Table 3) were determined in MLD. The muscle weight was greater in LL cows (P<0.02), accompanied by a slightly larger cross sectional area (P=0.051). Intramuscular fat content, colour, and shear force after 14 days were not different between groups (P>0.4).
The shear force value 24 h after slaughter tended to be higher in HL cows (P=0.097). The pH value 24 h after slaughter was also higher in MLD of HL cows (P=0.011). In accordance with the intramuscular fat content, there was no difference in marbling fleck area percentage (P=0.45, Table 4 ). However, the largest marbling flecks were larger (P=0.01) in MLD of LL cows. Number, size, and distribution of marbling flecks were influenced by group × family interaction (P<0.05). However after Tukey adjustment, significant differences were only indicated between groups within family C for size and distribution of marbling flecks and between family B and family C within HL group for marbling fleck distribution. 
Fat cell size and muscle structure
The fat cell size was not different between the groups (P>0.3), showing an average diameter of 58 µm and 86 µm for intramuscular and subcutaneous fat cells, respectively. Analysis of variance revealed neither effect of group, and therefore milk yield, nor of family, nor of group × family interaction on fat cell size.
Muscle structure and fibre type composition data are presented in Table 5 . Analysis of variance indicated an influence of family on muscle fibre size and number of nuclei per muscle fibre but no influence on fibre type composition. 
Lactation effect on muscle, carcass and meat quality
Pearson correlation coefficients were calculated to estimate the influence of lactation performance on carcass, meat quality, and muscle structure. Relationships were generally low or not significant, but showed consistently that increasing milk yield was negatively correlated with tissue accretion (Table 6 ). Shear force and pH 24 were positively correlated with increasing milk yield. However, there were no relationships detected between milk yield and marbling traits or muscle structure traits, except with number of nuclei per muscle fibre (Table 6 ). Multiple linear regressions were calculated to test whether the combination of all three lactation traits (duration of lactation 1, milk per day lactation 1 and 2) provides a better explanation of trait variations. The closest relationship was detected to carcass yield (R²=0.35) and pH 24 (R²=0.31). Table 6 Pearson correlation coefficients between milk yield and carcass, meat quality, and muscle traits 
Discussion
Milk production was generally low in the first lactation period. Possibly, animals might have been not physically mature and they required nutrients for their own continued growth (Taylor et al. 2006 , Wathes et al. 2007 ). In our study, F 2 heifers were still growing, increasing their body weight during first lactation (data not shown). It could be assumed that F 2 heifers were in a positive energy balance from the beginning of lactation just as assumed for other F 2 heifers of the same experiment ). Low milk yield in both lactation periods is consistent with the low milk production in Charolais cows, but was too low when compared with the high production of the German Holstein cows (Pareek et al. 2007) . Milk yield increased with progress of age in consistence with Bajwa et al. (2004) who reported increase in milk yield with increase in parity. Nevertheless, milk yield varied sufficiently to create groups to investigate the influence of different lactation performance on carcass composition, meat quality and muscle structure. Carcass data revealed a much higher body weight in LL than HL cows in consistence with higher accretion of muscle protein and body fat reserves. Other body condition traits were less affected by lactation performance in F 2 crossbred cows, suggesting that cows were still growing and not in a mature state with increased fat gain. Furthermore HL and LL cows might have been in a state of positive energy balance and therefore did not mobilise fat for lactation due to the relatively low level of milk production in both groups when compared to dairy cows. This captures the concept of homeorhetic control of metabolism of both fat and protein in lactating animal, depending on stage of lactation, rate of milk production, and genetic differences (McNamara 2000) .
Crossbred heifers for meat production are internationally known, but references to meat and eating quality aspects are rare (Hoving-Bolink et al. 1999) . In the presented study, we investigated the effect of lactation performance on meat quality of MLD as a representative muscle of the carcass. The reduced MLD weight in HL cows suggests less protein accretion in muscles with higher milk yield. Because of the overall low milk yield, it is unlikely that the difference is caused by protein degradation to meet the needs for lactation according to McNamara (2000) , who reported that high lactating cows in early lactation can lose significant amounts of body protein. It is more likely in consistence with the view that heifers which calved for the first time are not mature and continue to accrete body protein during their lactating life (Coffey et al. 2006) . In our study, cows were slaughtered during the second lactation and could have continued to accrete body protein in a different extent.
Ultimate pH was increased with higher milk yield, but still within a range of normal meat quality. In high lactating cows a lower ultimate pH could be expected because of increased glycolysis and lactate output by skeletal muscle, as well as by adipocytes, to facilitate the efficient partitioning of nutrients to the mammary gland for milk production (Xiao et al. 2004) . On the other hand, it is quite obvious that other MLD quality traits were not affected by lactation performance.
Visual appearance of IMF (marbling) is the primary criterion for grading of beef carcass quality even at low intramuscular fat content, and plays an important role in purchasing decisions by consumers because it is often linked with beef palatability due to the positive influence on taste, juiciness, and tenderness of meat (Chambaz et al. 2003 , Platter et al. 2005 , Albrecht et al. 2006 . It is not just the intramuscular fat content which is important for meat quality, but the fat distribution in the muscle tissue as well (Albrecht et al. 1996) . Number and size of marbling flecks, marbling fleck area percentage and marbling fleck distribution were similar in HL an LL cows. The increased size of largest marbling fleck and an altered shape in LL cows, indicated by the higher value for elongation of marbling flecks, suggest an effect of milk yield on marbling.
Because body lipid mass in sub-adult and adult ruminants is primarily a function of adipose hypertrophy, the relationship of fat cell size to body lipid mass is quite strong in lactating cattle (McNamara 2000) . The expected difference in fat cell size between HL and LL cows in our study, however, could not be detected.
Muscle fibre type profile is an indicator for muscle metabolism (Wegner et al. 2000) . In the presented study, the muscle fibre type profile did not indicate a relationship to milk yield. Nevertheless, muscle would contribute to whole body adaptation by production of biosynthetic intermediates and reduced fatty acid uptake (Xiao et al. 2004) . Furthermore, Izumiya et al. (2008) observed the role of fast/glycolytic fibres in regulating whole-body metabolism through their ability to alter the metabolic properties of remote tissues, in addition to well-established role of oxidative fibres in regulating whole-body metabolism. On the other hand, increasing the proportion of fast/glycolytic fibres has been reported to improve meat tenderness through improved post mortem maturation in cattle, but there were no universal relationship between myofibre characteristics and meat quality traits among species because both traits are influenced by multiple factors (Lefaucheur 2010) .
Number of nuclei per muscle fibre was significantly increased in HL cows in total muscle fibres, fast/glycolytic and oxido/glycolytic fibres. This might be explained by adaptation of skeletal muscle fibres to changes in function, which was not only to modulate the pattern and/ or amount of gene expression among existing myonuclei, but also altered the total number of myonuclei (Allen et al. 1996) . On the other hand, analysis of variance indicated a clear influence of family on muscle fibre size, indicating that genetic causes rather than lactation performance were responsible for variations in muscle fibre size. Therefore, the F 2 families can be considered as different metabolic types which are characterized by divergent nutrient dissemination with a combined dairy and beef genetic background . Lactation directly affected some important carcass, meat quality, and muscle traits. Carcass weight, carcass yield, and muscle weight were negatively correlated with lactation performance, while shear force was positively correlated. This may explain a substantial proportion of variation in sensory assessment of beef tenderness and may be partly responsible for the view that meat of lactating cows is low quality meat. Number of nuclei in muscle fibres is positively related with milk yield as an adaptation of skeletal muscle fibres to changes in function (Allen et al. 1996) . Negative correlations of perirenal fat weight or carcass protein with the amount of milk per day suggest fewer capabilities for nutrient accretion with increasing milk production. Higher rates of fat mobilisation from internal depots can be excluded because of the overall low milk production. However, in low merit cows lipogenesis occurs at higher rates while lipolysis occurs at slower rates but in a continued manner, even in positive energy balance to maintain milk-fat output (McNamara 2000) .
In conclusion, milk yield was generally low but significantly different between the groups. These differences were accompanied by differences in body weight and carcass composition, but had only minor effects on meat quality. Muscle fibre size and composition of MLD as well as fat cell profile were not influenced by lactation performance. No indication for fat or protein mobilisation from muscle or subcutaneous fat was found, probably because cows were not in a negative energy balance. The results suggest that cows of both groups utilized nutritional energy for lactation and tissue accretion to a different extent. Cows of the LL group gained more weight and stored more fat than HL cows and reached higher carcass yields.
